exponentially (33), but by the time of the 1999 flood, it was still a distant third in relative abundance (8% ) compared to the kangaroo rats D. merriami and D. ordii (56% and 15%, respectively; Fig. 2) .
Results of the Flood
The impact of the downpour and resulting sheet flooding was immediately evident. An all-time record low number of rodents was captured the following month (Fig. 1 ). Species were affected differentially. Six of the eight seed-eating rodent species present before the flood suffered dramatically increased mortality. These included the kangaroo rats, Dipodomys spp., the historically dominant members of the community; less than 10% of the individuals present in the six months before the flood survived to be recaptured in the subsequent six-month period, much lower than the pre-flood survival rate of 35-45% (Fig. 3 ). For example, only 7 of the 103 marked D. merriami individuals were recaptured after the flood. Interestingly, however, the flood caused no detectable mortality in the two pocket mouse species C. baileyi and C. penicillatus. In the six months after the flood, C. baileyi survivorship remained near pre-flood levels (33.8 vs. 36.6%), whereas C. penicillatus survivorship actually increased (48.5 vs. 28.6%, Fig 3) . Moreover, survivorship of both pocket mouse species was elevated above long-term average rates for two subsequent six-month periods (Fig 3) .
Total rodent abundance returned to pre-flood levels within three months (Fig. 1) . A lasting effect of the flood, however, was to alter species' population trends ( baileyi. The points and lines in the right panels of Figure 2 show the trends for these same species, but only since 1995 when C. baileyi colonized. Both depictions clearly show the striking differences between the pre-and post-flood population trends for all four species: the kangaroo rats, which experienced high rates of mortality due to the flood, never regained their previous abundances, whereas the pocket mice, which showed no evidence of flood-caused mortality, immediately increased and then maintained permanently elevated relative abundances. On both time scales, D. merriami had accounted for about 50% of the rodents and had been increasing prior to the flood ( Fig. 2a,b ; Table 1 ). Immediately following the flood, however, D. merriami's relative abundance declined and has continued to decline, remaining 62% lower on average than predicted by extrapolating pre-flood trends (Table 1) . Similarly, D. ordii, the less abundant kangaroo rat, also showed statistically significant but quantitatively less dramatic declines, with relative abundances 16% lower on average than expected by extrapolating pre-flood trends ( Fig.   2c,d ; Table 1 ).
The flood triggered immediate and sustained increases in the two pocket mouse species.
C. baileyi, which had been increasing steadily since its colonization in 1995 (Fig. 2e,f) , increased at an even greater rate immediately after the flood, to 116% of the relative abundance predicted by extrapolating pre-storm trends ( Fig. 2e,f ; Table 1 ). Only one year after the flood, by 2000, C.
baileyi had reached a relative abundance (27%) that it would not have attained until 2009 if preflood trends had continued unabated ( Table 1) . The greatest changes occurred in C. penicillatus, which generally had been increasing over the course of the entire study, but had begun to decline after the colonization of C. baileyi (Fig. 2g,h ). Analyses at both time scales show that after the flood C. penicillatus attained its highest abundances, up to 350% greater than the long-term average ( Fig. 2g,h ; Table 1 ).
These changes in species' population trends resulted in an immediate and permanent change in the composition of the rodent community. Using Euclidean distance (ED) to quantify shifts in species composition between successive six-month intervals reveals three episodes of dramatic change (Fig. 1) . The largest (ED = 0.53) occurred at the time of the 1999 flood; the magnitude of this change was nearly four times greater than the long-term average (0.14±0.08).
Furthermore, after this large shift, the new community composition was maintained, as evidenced by post-flood EDs near the long-term average (Fig. 1) After the flood D. merriami reached record low relative abundances, while the two Chaetodipus species reached record highs (Fig. 2) .
Discussion
The August 1999 flood at our Portal study site was an idiosyncratic event. However, the impact of this event on the desert rodent community offers a unique perspective that should be of general interest, especially to those concerned about ecological responses to extreme events and climatic changes.
An extreme event.-The 1999 flood was indeed an extreme event, the only one of its kind observed in our 30-year study. Its immediate impact was highly differential across species (Fig.   3 ). The two kangaroo rats suffered more than 90% mortality due to the flood, whereas the two pocket mice experienced no detectable mortality. The deaths were probably due to drowning, because bipedal kangaroo rats are poor swimmers and poor climbers. The decreases in relative abundance of kangaroo rats, and in the overall abundance of the rodents (Fig. 1) , were the greatest recorded in the 30-year history of the study. If this event is representative, the susceptibility of other kinds of organisms to impacts of extreme weather and climate change may also be highly differential across species (16) . Which species die or survive may depend on highly specific, seemingly idiosyncratic features of biology.
Resetting long-term population trends.-One consequence of the flood was that long-term trends in the relative abundances of the four most abundant species were reset or accelerated by the perturbation (Fig. 2) . The kangaroo rat, D. merriami, the most dominant species for the 22 years prior to the flood, still has not recovered 8 years after the perturbation. In contrast, the pocket mouse, C. baileyi, which had colonized the study site in 1995 and been increasing steadily, experienced accelerated population growth, likely facilitated by the greatly reduced abundance of its closest competitor, D. merriami. Moreover, the other pocket mouse, C. penicillatus, which had reached relative abundances of less than 10% prior to the flood, now comprises over 35% of the community. These results show that large short-term perturbations can have effects on populations that last much longer than would be expected from simple recovery dynamics. (Fig. 1), following a prolonged period of below average precipitation (28). The ongoing population increase of this species was accelerated by the flood, and it became the most abundant species after the spatially extensive tropical storm, was very rapid, and a new relatively stable species composition was established in a matter of months. Although some responses to these different types of perturbations were similar, the resulting compositions of the reassembled communities were very different, due to the interaction between the selective mortality and preexisting species composition and environmental conditions.
Overcoming incumbency advantage.-Reassembly following the flood did not change the identity of the four most abundant species, but it did change the interactions among these species. The long-term increase of D. merriami in response to the increase in shrubby vegetation and the decline of its larger competitor, D. spectabilis, was reversed (Fig. 2) , and the ensuing decline of D. merriami allowed pocket mice to increase and ultimately dominate the community.
These dynamics indicate that the differential mortality caused by the flood altered the preexisting dominance hierarchy, allowing formerly subordinate species that survived the event to dominate. The best explanation for these changes is that resident individuals and species had an incumbency advantage (39) . Such a phenomenon has been documented for territorial individuals within species (40, 41) . Here, however, loss of incumbency advantage altered interspecific competitive interactions, with profound, long-lasting effects on community structure. Such an advantage is not surprising in these desert rodents, which have established home ranges, seed stores, and burrow systems, and which rely on acquired knowledge of their territory for food finding and predator avoidance (42). Incumbency not only facilitates defense of the territory by the resident individual, but also inheritance of the home range by an offspring or conspecific upon the death of the resident. Under background conditions the effect of the incumbency advantage was to slow down and stabilize population and community dynamics.
The extreme storm event had a destabilizing effect. By causing wholesale mortality of the dominant resident rodents, the perturbation largely eliminated their incumbency advantage, made competitive interactions more nearly equal, and allowed new individuals of previously subordinate species to colonize and establish territories. The mortality of dominant residents made available the resources that they had stored and defended, and previously subordinate rodents were able to immigrate and increase. The effect of the flood in facilitating immigration of previously rare native species was similar to effects of other perturbations in facilitating colonization of exotic invasive species (24, 39, 43, 44). So, disrupting the incumbency advantage is one way that an extrinsic abiotic perturbation can interface with intrinsic competitive processes to alter assembly rules and cause wholesale community reorganization. Similar responses have been reported in plant communities in response to fire or grazing (39) . Priority effects, a form of incumbency advantage for sessile organisms, are frequently invoked to account for such dynamics (45).
Concluding remarks.-Our long-term record of community dynamics on ecological time scales seems to be similar to the long-term fossil record of species dynamics on evolutionary time scales. At Portal, gradual long-term trends were punctuated by mass mortality triggered by two extreme precipitation events. In the fossil record, gradual long-term trends were punctuated by mass extinctions triggered by asteroid impacts or other perturbations (34). And in both cases, massive mortality of previously dominant taxa removed their priority effects, allowed rapid increases in some surviving, previously subordinate taxa, and resulted in novel species compositions.
Global warming is predicted to increase the frequency and magnitude of extreme climate and weather events (2, 4). Efforts to document these perturbations and to understand their Comment [j1]: Kate: I put in this paragraph here and reordered the lit cit accordingly. I think that this is one of the most important points in the paper. Weltzin be damned, some extrapolation and speculation is warranted and needed in science. No one has yet seen that asteroid hit the earth 65 million years ago, and it is still questionable whether any of the other mass extinctions (punctuational events) were triggered by extraterrestrial impacts.. I don't want to make you uncomfortable, but I don't think we should shy away from making inferences from data. I have also deleted a few weasel words elsewhere.
environmental implications have been hampered by a lack of data, due in large part to a paucity of studies of sufficient duration and intensity (3, 13, 16). Consequently, many of the 'extreme events' that have been studied are more frequent and predictable than the two storms documented here. For example, there is a substantial literature on the ecological impacts of the El Niño Southern Oscillation, and in particular on the effects of the high rainfall and severe drought during El Niño and La Niña years, respectively (8). Some of the impacts are similar to those reported here. In coastal Chile, for example, El Niño events resulted in substantial changes in desert rodent community composition, due in large part to immigration from surrounding habitats (46, 47). But other impacts are very different. For example, the main effect of El Niño was prolonged population increases fueled by a pulse of abundant new food resources, whereas the main effect of our severe storms was rapid population decreases due to catastrophic mortality. Moreover, El Niño did not have such a dramatic impact on the rodent community at Portal, where several El Niño events were not followed by increases in abundances (28).
Given the diverse phenomena that have been termed 'extreme events', the relatively small number of such events that have been studied, and the diverse ecological responses that have been documented at population, community, and ecosystem levels (see above), it is premature to make sweeping generalizations. Nevertheless, comparisons between the two extreme storms at Portal, and between them and other weather and climate events reported in the literature, suggest that there may be some emerging common themes. For example, massive differential mortality and resetting of community dynamics also occurred in plant communities in response to extreme drought conditions (16, 17) . Mortality caused by a hurricane interacted with intrinsic predator-prey interactions to alter population trends in insular spider and lizard communities (48, 49). The effects of such perturbations would have been very difficult to predict, but once documented, they provide invaluable insights into the processes of population dynamics and community assembly. Our study is unique using intensive long-term sampling to document how extreme climatic events can decimate resident species populations, alter species composition and interspecific interactions, and influence invasion dynamics. These unexpected and important results emphasize the need for additional empirical and theoretical work on the ecological consequences of global climate change.
Methods
In 1977, J. H. Brown and colleagues began a long-term study in the Chihuahuan Desert near Portal, Arizona. Detailed information on the history of the study, monitoring protocols, experimental design, and previous results can be found in Brown (38) . This study is restricted to the granivorous rodent community at the site, comprised of eight species prior to the flood
(Dipodomys merriami, D. ordii, Chaetodipus baileyi, C. penicillatus, Perognathus flavus, Reithrodontomys megalotis, Peromyscus eremicus, P. maniculatus). To assess trends over time,
we calculated relative abundances of species, averaging monthly capture data over six-month periods (Jan-Jun, Jul-Dec). Using relative rather than absolute abundances accounts for variation in total abundance of all species, which fluctuated with resource availability (Fig. 1) . Trends in relative abundances before the flood are shown on two time scales: i) to allow comparisons of long-term population dynamics, we analyzed all data since 1977; and ii) to better characterize shorter-term trends prior to the flood and take into account the impact of the newly colonized species, we used only data after the first appearance of C. baileyi in 1995. Temporal trends were quantified using ordinary least squares (OLS) regression. There were significant temporal autocorrelations in the population dynamics, but regressions were used only to describe trends, not to compare statistical significance. Expected abundances for six-month periods following the flood were calculated by extrapolating the OLS regression equations; these post-flood expected values were then compared to observed values for the corresponding six-month period using Table 1 
